O xygen and nitrogen free radicals are thought to play a crucial role in HI brain injury (1) . Free radical production has been detected in the brain during cerebral ischemia. Levels of free radicals increase significantly with reperfusion (2) . Agents known to scavenge or enzymatically degrade free radicals have frequently been shown to be neuroprotective in HI brain injury (3) .
GSE contains a number of polyphenols including procyanidins and proanthocyanodins monomers and polymers and their gallates (4) . GSE has been reported to have many pharmacologic mechanisms of action including antioxidant properties and reduced apoptotic cell death (5) (6) (7) (8) (9) (10) . GSE protects heart function and reduces infarct size in experimental cardiac ischemia (11) . GSE also reduces brain injury in the adult gerbil forebrain ischemia model (12) and attenuates renal damage in the rat renal ischemia reperfusion model (13) . We have reported that pretreatment with GSE reduced brain injury in newborn rats and reduced a hypoxia-induced increase in brain lipid peroxidation (14) . Because protection against brain damage is crucially time sensitive, understanding the window of time when treatment with GSE is effective will be important in deciding whether clinical trials are feasible. HI brain injury is an important cause of death and disability in human newborns. The neonatal rat HI model (15) has been well characterized and extensively used to assess synthetic neuroprotective agents (16) .
This study examined whether treatment after injury with GSE protects against brain injury and how long after reoxygenation treatment is still effective. This study also examined whether treatment after injury with GSE could reduce the formation of oxygen and nitrogen free radicals, as measured by 8-isoPGF 2␣ and reduce levels of the proapoptotic protein c-jun in the HI rat pups model.
MATERIALS AND METHODS
Animal protocol. This protocol was approved by our institutional committee on animal use. Rats were cared for in accordance with National Institutes of Health guidelines. The neonatal rat HI procedure was performed as described by Rice et al. (15) . Seven-day-old Sprague-Dawley rat pups of either sex, weighing between 12 and 16 g (Harlan Sprague Dawley, Indianapolis, IN) were anesthetized with isoflurane. The right common carotid artery was exposed, isolated, and permanently doubly ligated. After surgery, the rat pups were returned to their dams for 2-to 3-h recovery. Hypoxic exposure was achieved by placing the rat pups in 1.5-L sealed jars immersed 5.5 cm deep in a 37°C water bath and subjected to a warmed, humidified mixture of 8% oxygen/92% nitrogen bubbled through 37°C water and delivered at 4 L/min for 2.5 h. After this hypoxic exposure, the pups were returned to their dams and some pups were taken for 8-isoPGF 2␣ and c-jun assay, and other pups were allowed to recover and grow for 22 d for measuring brain injury.
Drug treatment. Pups from each litter were randomly assigned and marked for treatment with GSE or vehicle. GSE, a brown-red powder (purity: 96%), was prepared in-house using a previously described protocol (14) . GSE in doses of 50 mg/kg was dissolved in 10 L of saline per gram of body weight and administered by i.p. injection at 5 min and 1, 3, or 5 h after reoxygenation. GSE in doses of 25 mg/kg was administered at 5 min after reoxygenation. The pups given their initial injection at 5 min or 1 h after reoxygenation received a second dose at 4 h after reoxygenation. The pups given their initial injection at 3 and 5 h after reoxygenation received a second dose at approximately 12 and 14 h after reoxygenation, respectively. All four groups of pups received third and fourth doses of GSE at approximately 18 and 26 h after reoxygenation, respectively. The vehicle-treated groups were given 10 L of saline per gram of body weight. These doses were chosen from previous studies (14) .
Measurement of rectal temperature. To evaluate whether neuroprotection by GSE was dependent on systemic hypothermia, rectal temperature was measured with a 36-gauge flexible thermocouple (Omega Engineering Inc., Stamford, CT). This was first done in a subset of pups before i.p. injection (25 or 50 mg/kg of GSE at 5 min after hypoxia, six to eight pups in each group) and at 0.5, 1, 1.5, 2, 3, and 5 h after injection. Treatment with 50 mg/kg of GSE 5 min after reoxygenation significantly decreased rectal temperatures at 0.5, 1, 1.5, and 2 h after treatment relative to the vehicle-treated group (Fig.  1A) , but the group treated with 25 mg/kg showed no significant decrease (Fig.  1B) . From the experiments that had already been done, the 5 min and the 3 h after reoxygenation experiments were then repeated, now keeping the pups in the warm jars from reoxygenation for 3 h after injection of 50 mg/kg of GSE or vehicle. These are the warm jars used for hypoxia (8% oxygen) described in detail previously, but are now used with 21% oxygen. Keeping the pups in this warm humid environment eliminated the temperature difference between the groups. This is true for both the 5 min after reoxygenation experiment (Fig. 1C) and the 3 h after reoxygenation experiment (Fig. 1D) . Normal rat pups not subjected to HI, but treated with 50 mg/kg of GSE or vehicle had decreases in temperature in response to GSE relative to the vehicle-treated group if both groups were kept away from the dam and the nest of siblings (data not shown). In addition, we measured rectal temperature in a subset of the pups after the second, third, and fourth doses of GSE or vehicle (data not shown). If these measurements were made in a 25°C room 15 min after removing the pup from the nest, as is our usual procedure, we found that the GSE-treated pups were significantly cooler than the vehicle-treated pups. In a slight deviation from our usual procedure, we measured the temperature immediately after removing the pup from the nest rather than 15 min later to better match the temperatures in the brain weight experiments and to capture the added warmth of the nest. This eliminated any significant differences between the GSE-and vehicle-treated groups (group or group with time differences) for the second, third, and fourth doses. This was not an adequate response for the first dose because the rat pups for the first 1-2 h after the hypoxic period are lethargic and do not seek the warmth of the nest by movement and vocalization as a normal rat pup of this age would do. Rat pups of this age cool rapidly once they are removed from the nest and the dam (17) . Rectal temperature and brain temperatures are almost identical even when tested during HI in 7-d-old rats using this same protocol (18) . Because decreased body temperature both during and after the hypoxia can affect the outcome, it is essential that both the treated and control animals maintain similar temperatures (18, 19) .
Neurofunctional assessment: foot fault test. The foot fault test was performed 21 d after brain injury according to a published method (20) . Using the previously described neonatal HI and treatment procedures, the experimental groups treated with 25 mg/kg of GSE at 5 min after reoxygenation and with 50 mg/kg of GSE at 3 h after reoxygenation with temperature control, both during and after hypoxia, were used. Rats were placed on an elevated stainless steel grid 30 ϫ 30 cm, 1 m above the floor with 3 cm 2 holes and a wire diameter of 0.4 cm. Each pup was placed on the grid and observed for 2 min. Occasionally a foot would be misplaced while walking over the grid and slip through a grid opening (foot fault). The excess of left, contralateral foot faults, to right, ipsilateral foot faults, was recorded (20) . Gross brain damage grading. Rat pups were anesthetized with pentobarbital and decapitated 22 d after hypoxic exposure. Brains were scored normal, mild, moderate, or severe by the method of Palmer et al. (21) by a blinded observer. Normal (0) is no reduction in the size of the right hemisphere, mild (1) is visible reduction in right hemisphere size, moderate (2) is large reduction in hemisphere size from a visible infarct in the right parietal area, and severe (3) is nearly total destruction of the hemisphere. After removing the cerebellum and brainstem, the brain was divided into two hemispheres and weighed. Results are presented as the percentage of loss of hemispheric weight of the right side relative to the left [(left-right)/left ϫ100]. This HI model results in brain damage only on the ipsilateral side (21) . The loss of hemispheric weight can be used as a measure of brain damage in this model because enough time elapsed to allow resorption of edema and dead tissue (22, 23) .
Measurement of.8-isoPGF 2␣ . A second set of experiments was performed to determine the effect of GSE on 8-isoPGF 2␣ . 8-isoPGF 2␣ was measured in rat pups treated with GSE (n ϭ 6) or with vehicle (n ϭ 6). Using the previously described neonatal HI procedure, the rat pups were treated with 50 mg/kg of GSE by i.p. injection at 5 min after hypoxia, with a second dose given 4 h after reoxygenation. In the experimental brain injury model, the peak activation of 8-isoPGF 2␣ occurs at 24 h after the brain injury (24) . Therefore, pups were anesthetized with 50 mg/kg pentobarbital at 24 h after hypoxia. The cortex in both lesioned and unlesioned hemispheres was separately dissected and frozen at Ϫ80°C. 8-isoPGF 2␣ was assessed as described by Hoffman et al. (24) and our previous studies (14) . The concentrations of 8-iso-PGF 2␣ were determined colorimetrically with a microplate reader at 405 nm. The estimated amount of 8-isoPGF 2␣ in the tissue was then calculated as pg/g brain tissue.
Western blot analysis for c-jun. A third set of experiments was performed to determine the effect of GSE on c-jun protein. C-jun protein was measured in rat pups treated with GSE or vehicle 5 min after hypoxia (12 in each group). Using the above-described neonatal HI procedure, the rat pups were treated with 50 mg/kg of GSE by i.p. injection at 5 min after hypoxia, with a second dose given 4 h after reoxygenation. At 24 h after reoxygenation, the pups were decapitated, brains were removed, cortexes in both lesioned and unlesioned hemispheres were separately dissected and were frozen at Ϫ80°C. C-jun protein was assessed as described by Sato et al. (10) . Samples with 60 g of protein were denatured and separated electrophoretically against molecular weight controls and transferred to a polyvinylidene difluoride membrane. After incubation in 5% nonfat milk, the membranes were washed and incubated with 1:1000 diluted primary rabbit antibodies specifically against c-jun (Santa Cruz Biotech, Santa Cruz, CA) for 2 h, and then with 1:3000 diluted secondary antibodies of horseradish peroxidase-conjugated to antirabbit IgG (Santa Cruz Biotech) for 1 h at room temperature. The membranes were washed, then incubated in Amersham's ECL Western blotting detection reagents, and exposed to ECL Hyperfilm (Amersham). Films were scanned using a Logitech Scanman densitometer (Logitech, Inc., Freemont, CA). Each gel contained vehicle-and GSE-treated pups. Separate assays were done on each pup.
Statistical analysis. Categorical variables were analyzed with the 2 test. Continuous variables are expressed as mean Ϯ SEM and the statistical significance of differences between groups was determined using analysis of variance with the Newman-Keuls test. Differences were considered significant at p Յ 0.05. The size of the groups was chosen to provide an 80% chance of detecting a decrease in the percentage of loss of the right brain weight of 1/3 at the 0.05 level. Figure 2 shows the weight deficit in the right hemisphere relative to the left hemisphere. In the groups treated with 50 mg/kg of GSE, the group treated at 5 Rectal temperatures obtained for the first 2 h after treatment were significantly lower in the 50 mg/kg of GSE-treated group (n ϭ 7) than in the vehicletreated pups (n ϭ 6), *p Ͻ 0.05, **p Ͻ 0.01 vs vehicle (A), but the group treated with 25 mg/kg showed no significant decrease (n ϭ 8 in each, p Ͼ 0.05, B). Leaving the pups in the warm jars for 3 h after treatment with 50 mg/kg of GSE (n ϭ 6) or vehicle (n ϭ 6) eliminates the difference in rectal temperature between the groups (p Ͼ 0.05, C). (D) Effect of treatment with 50 mg/kg of GSE at 3 h after hypoxia on rectal temperature. Pups were left in the warm jars for 6 h after treatment. There were no significant differences in the temperature between the GSE-treated group (n ϭ 7), and the vehicle-treated group (n ϭ 6, p Ͼ 0.05).
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min after reoxygenation where the GSE-treated group was allowed to be colder than the vehicle-treated group, the right hemisphere weight deficit was significantly greater in the vehicle-treated group (29 Ϯ 4%, n ϭ 30) than in the GSEtreated group (13 Ϯ 3%, n ϭ 24, p Ͻ 0.01 versus vehicle). The weight deficit in the right hemisphere in the group treated 5 min after reoxygenation where the temperature was maintained in the GSE-treated group was significantly greater in the vehicle-treated group (22 Ϯ 3%, n ϭ 36) than in the GSE-treated group (14 Ϯ 3%, n ϭ 32, p Ͻ 0.05 versus vehicle). The weight deficit in the right hemisphere in the group treated 1 h after reoxygenation was greater in the vehicle-treated group (19 Ϯ 3%, n ϭ 30) than in the GSEtreated group, but the result was not statistically significant (11 Ϯ 3%, n ϭ 28, p ϭ 0.09 versus vehicle). In the group treated 3 h after reoxygenation where the GSE-treated group's temperature was allowed to fall below that in the vehicletreated group, the weight deficit in the right hemisphere was greater in the vehicle-treated group (24 Ϯ 4%, n ϭ 20) than in the GSE-treated group (7 Ϯ 2%, n ϭ 19, p Ͻ 0.01, versus vehicle). In the group treated 3 h after reoxygenation where the GSE-treated group's temperature was not allowed to fall below that in the vehicle-treated group, the weight deficit in the right hemisphere was greater in the vehicle-treated group (21 Ϯ 3%, n ϭ 31) than in the GSE-treated group (11 Ϯ 3%, n ϭ 31, p Ͻ 0.05, versus vehicle). The weight deficit in the right hemisphere in the group treated 5 h after reoxygenation was greater but only borderline significantly greater in the vehicle-treated group (20 Ϯ 4%, n ϭ 19) than in the GSEtreated group (12 Ϯ 2%, n ϭ 22, p ϭ 0.06, versus vehicle).
In the group treated with 25 mg/kg of GSE at 5 min after reoxygenation, the right hemisphere weight deficit was 29 Ϯ 3% in the vehicle-treated group (n ϭ 23), and 22 Ϯ 3% in the GSE-treated group (n ϭ 23), respectively. This was not statistically significant (p ϭ 0.14). Gross brain injury. Gross neurologic damage score was determined by an observer blind to the drug treatment of the rat pups (Table 1) . For the rat pups treated 5 min and 3 h after reoxygenation, where temperature was controlled during the injury but not after injury, neurologic score was higher in the vehicle-treated group than in the GSE-treated group (p Ͻ 0.01). For rat pups treated 5 min and 3 h after reoxygenation, where temperature was controlled after injury, the neurologic injury score was also higher in the vehicle-treated group relative to the GSE-treated group (p ϭ 0.05). Gross neurologic damage in the group treated 1 or 5 h after reoxygenation was greater in the vehicle-treated group than in the GSE-treated group, but these results were not statistically significant. Gross neurologic damage score was not statistically significant in the group treated with 25 mg/kg of GSE at 5 min after hypoxia and in the vehicle-treated group (p Ͼ 0.05, data not shown). Neurofunctional test. In pups treated with 50 mg/kg of GSE or vehicle at 3 h after reoxygenation with temperature control groups, the number of foot faults per pup was 8.5 Ϯ 1.3 (n ϭ 24) in the vehicle-treated group and 4.7 Ϯ 0.8 (n ϭ 24, p Ͻ 0.05) in the GSE-treated group. In pups treated with 25 mg/kg of GSE or vehicle at 5 min after reoxygenation, the number of foot faults per pup was 7.6 Ϯ 0.8 (n ϭ 23) in the vehicle-treated group and 4.2 Ϯ 0.8 (n ϭ 23, p Ͻ 0.05) in the GSE-treated group. The GSE-treated groups had better neurologic function on this test than the vehicle-treated groups (Fig. 3) .
8-isoPGF 2␣ . 8-isoPGF 2␣ was measured in pups treated with 50 mg/kg GSE or vehicle at 5 min after reoxygenation. 8-isoPGF 2␣ was 91 Ϯ 7 pg/g (n ϭ 6) in the GSE-treated group, and 263 Ϯ 72 pg/g (n ϭ 6) in the vehicle-treated group (p Ͻ 0.05). The increase in 8-isoPGF 2␣ caused by HI injury was substantially reduced by treatment with GSE (Fig. 4) .
c-jun. c-jun was measured in pups treated with GSE 5 min after reoxygenation. c-jun was expressed as a percentage of increase in optical density (OD) of the ipsilateral hemisphere relative to the contralateral hemisphere. c-jun was 56 Ϯ 11% in the vehicle-treated group (n ϭ 12), and 30 Ϯ 1% in the GSE-treated group (n ϭ 12, p Ͻ 0.05). The increase in c-jun caused by the HI injury was substantially reduced by treatment with GSE (Fig. 5) .
DISCUSSION
GSE reduces brain injury even when given 3 h after injury. This has been demonstrated by the reduction in the loss of brain weight on the ipsilateral side relative to the contralateral side. Because brain weighs approximately 1 g/mL, weight loss is equivalent to volume loss. McDonald and coworkers (23) have shown that the extent of unilateral reduction in hemisphere weight is highly correlated with cellular damage. By delaying assessment until 22 d after injury, we included very late cell death, which can make early measurement hard to interpret (25) . The foot fault test is a sensorimotor test that could be used for long-term evaluation of functional deficits after HI in rats (20) . Our data have also shown that brain function was better in the GSE-treated groups than in the vehicle-treated groups. Histopathologic measurement showing 
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significantly greater loss of nerve cells in the cortex, hippocampus, and thalamus of the vehicle-treated pups relative to the GSE-treated pups has been previously reported (14) . In addition, we demonstrated neuroprotection using the gross anatomic method of Palmer et al. (21) , scored by a blinded observer. The therapeutic window for GSE was up to 3 h after hypoxia in either temperature uncontrolled or controlled pups. However, it is unclear why the group receiving post 1 h treatment with GSE had no significant protection.
Rectal temperature was lowered by GSE in rat pups by approximately 2°C for 2 h. This was only seen in a cold environment and thus was not apparent in our pretreatment paper where the 2.5 h immediately after dosing were spent in the warm, humid jars in 8% oxygen (14) . When a group treated after reoxygenation was kept warm, from reoxygenation through the first 3 h after dosing, the difference in temperature between the groups was eliminated. Based on the work of Yager and coworkers using a similar 7 d old rat HI model, we would not expect a drop in temperature of 2°C for 2 h, beginning after injury to be an effective neuroprotectant (18) .
The reduction in brain injury by GSE was associated with a reduction in the increase in lipid peroxidation caused by HI as measured by 8-iso-PGF 2␣ , a sensitive and specific technique for measuring oxygen radicals (24, 26) . F 2 -isoprostanes are nonenzymatic products of the oxygen radical-induced lipid peroxidation of arachidonic acid. They are relatively stable once formed. F 2 -isoprostanes are formed initially as esterified fatty acids attached to phospholipids and then are released to their free form by the action of phospholipases, thus delaying the elevation of levels in the tissues (26) .
GSE are powerful antioxidants in aqueous systems (5-9). They have greater antioxidant activity than vitamin E or vitamin C on a weight/volume basis (5, 6) . Procyanidins, a component of GSE, has the highest stoichiometric factors among known natural antioxidants (6) . GSE scavenges superoxide and peroxyl radicals, quenches singlet oxygen, and chelates iron (6) . Because different compounds are preferentially involved in each of these activities, it may be difficult to retain the activity while purifying the product.
GSE can block cell death signaling mediated through the proapoptotic transcription factors and genes such as c-jun (10, 27) . Apoptosis is an energy-requiring process and needs de novo proapoptotic gene expression. Apoptosis process is associated with the induction of the expression of a number of pro-as well as antiapoptotic transcription factors and genes. During ischemia/reperfusion, c-jun functions as a proapoptotic factor regulating apoptosis (10) . We saw a decrease in the level of the protein c-jun in the GSE-treated group. This is consistent with the hypothesis that GSE's neuroprotective effects are caused by a combination of free radical inhibition and antiapoptotic effects, with the antiapoptotic effects mediated through c-jun. Long-term treatment with GSE increases expression of bcl-xl and prevents ladder-like DNA fragmentation (28) . The antiapoptotic actions of GSE are probably downstream from and thus could be secondary to GSE's radical scavenging (29) . Apoptosis is a natural process that functions in development to mold the central nervous system. After birth, apoptosis is thought to eliminate damaged cells and remove their remains without causing inflammation. Thus, it is significant to see from our study not only a smaller volume of brain injury in the GSE-treated pups, but also better brain function after injury in the GSE-treated pups.
In conclusion, our findings indicate that GSE up to 3 h after reoxygenation reduces brain injury in rat pups, probably by suppressing lipid peroxidation and the proapoptotic protein c-jun. The results also support that GSE is a novel, reasonably safe, and potentially cost-effective therapeutic agent for the treatment of brain injury (5, 7, 8, 13, 14) . The fact that GSE in a cold environment induces hypothermia could be an advantage because postinjury hypothermia has been shown to reduce HI brain injury in human neonates (30) , and agents that act synergistically with hypothermia would be welcome. At both 5 min and 3 h after reoxygenation, GSE produces better protection when combined with hypothermia, but has significant protection even without hypothermia.
